Engagement of antigen receptors on the surface of T-cells with peptides bound to major histocompatibility complex (MHC) proteins triggers T-cell activation in a mechanism involving receptor oligomerization. Receptor dimerization by soluble MHC oligomers is sufficient to induce several characteristic activation processes in T-cells including internalization of engaged receptors and up-regulation of cell surface proteins. In this work, the influence of intermolecular orientation within the activating receptor dimer was studied. Dimers of class II MHC proteins coupled in a variety of orientations and topologies each were able to activate CD4 ؉ T-cells, indicating that triggering was not dependent on a particular receptor orientation. In contrast to the minimal influence of receptor orientation, T-cell triggering was affected by the inter-molecular distance between MHC molecules, and MHC dimers coupled through shorter cross-linkers were consistently more potent than those coupled through longer cross-linkers. These results are consistent with a mechanism in which intermolecular receptor proximity, but not intermolecular orientation, is the key determinant for antigen-induced CD4 ؉ T-cell activation.
Helper (CD4 ϩ ) T-cells play a key role in the adaptive immune response, by detecting and responding to foreign antigens bound to class II major histocompatibility complex (MHC) 1 proteins found on the surface of B cells, macrophages, and other specialized antigen presenting cells of the immune system (1) . T-cells express on their surface clonotypic antigen receptors (TCR), which bind complexes of MHC protein and specific antigenic peptides (2) . TCR engagement by MHC-peptide complexes induces T-cell signaling cascades. Once triggered, helper T-cells elicit a variety of characteristic processes, including cytokine secretion, up-regulation of adhesion and costimulatory molecules, and T-cell proliferation, which leads to activation of effector functions in antigen presenting cells, recruitment of other immune cells, and eventually to clearance of the foreign material (3) (4) (5) . Some characteristic T-cell activation responses can be triggered by soluble agents that multivalently engage TCR, including anti-TCR antibodies (6, 7) and oligomeric MHC-peptide complexes (reviewed in Ref. 8) . Monomeric reagents generally are not able to induce a response in T-cells, although some exceptions have been reported, particularly for CD8
ϩ T-cells (7, 9) . These considerations have led to the understanding that T-cells can be triggered by oligomerization of their surface TCR, although the full cellular activation response requires additional (co-stimulatory) signals from the antigen-presenting cell in addition to the antigenic signal transduced by the TCR (10) .
Several studies have pointed to formation of a TCR dimer as the key event for triggering T-cell activation. Quantitative analyses of the dependence of T-cell activation on the surface density of MHC-peptide complexes presented on the surface antigen presenting cells (11, 12) or incorporated into planar lipid bilayers (13) , have suggested a crucial role of dimer formation in triggering a T-cell response. For soluble class II MHC oligomers, the minimal MHC valency required to initiate signaling in CD4
ϩ T-cells appears to be a dimer (14, 15) . Higher valency MHC oligomers can activate more potently than dimers, but this is due only to their increased binding avidity (15) .
The mechanism by which dimerization of TCR triggers cytoplasmic signaling cascades is unknown. Receptor dimerization as the proximal activating stimulus is consistent with several potential molecular mechanisms, including formation of a specific TCR dimer in an activating conformation (as observed for receptor tyrosine kinases (16) ), molecular rearrangement of a pre-existing receptor dimer (as observed for the bacterial aspartate receptor (17) ), or nonspecific co-localization of receptor cytoplasmic domains (18) . Experimental discrimination between these potential mechanisms can be difficult, and recent evidence has suggested that some systems originally thought to occur through a mechanism of receptor oligomerization may in fact involve allosteric rearrangements in a pre-existing receptor oligomer (reviewed in Ref. 19) . In support of a nonspecific dimerization model, T-cell activation has been induced by many different anti-receptor antibodies (6, 7) , and by oligomerization of a variety of chimeric TCR cytoplasmic domains (20 -22) . The exact stoichiometry of the unliganded form of the TCR complex is unknown, but has been proposed to contain two ␣␤ TCRs (23) (24) (25) , raising the possibility that molecular rearrangement of a pre-existing receptor oligomer may be a potential activation mechanism. However, it is possible that the presence of two antigen-binding domains could serve only to facilitate the large-order clustering and oligomerization of receptors on the cell-surface that has been observed physiologically (26) .
To investigate these possible mechanisms, dimeric MHCpeptide complexes were prepared in a variety of intermolecular orientations and topologies, and used to probe the effects of receptor orientation and topology on T-cell triggering. Receptor orientation was not critical for T-cell signaling, as a variety of conformationally constrained MHC dimers coupled through either the ␣-or ␤-subunit each were able to induce T-cell activation processes. However, efficient T-cell triggering was dependent on receptor proximity, as activation was diminished when MHC dimers were coupled through longer cross-links. Collectively, these results suggest that T-cells are triggered by a mechanism of generalized intermolecular receptor proximity that does not depend on the intermolecular receptor orientation.
EXPERIMENTAL PROCEDURES
HLA-DR1 Expression and Folding-HLA-DR1 (A*0101, B1*0101) ␣-and ␤-subunits, or modified versions carrying a C-terminal cysteine residue ( Cys ␣,␤ Cys ) (27) , were expressed as insoluble inclusion bodies in E. coli BL21(DE3) cells as described (28) . Subunits included the peptide binding and membrane-proximal immunoglobulin domains (␣1-182 and ␤1-190). In some experiments a longer version of the ␤-subunit (␤ L-Cys ) was used, which included also the "connecting peptide" ␤191-198 (RSESAQSK). Recombinant MHC-peptide complexes were folded by dilution of urea-solubilized subunits in the presence of peptide and redox buffers, and isolated by ion-exchange chromatography, as previously described (28) . HLA-DR1 complexes carried antigenic peptide Ha (resiudes 306 -318) (PKYVKQNTLKLAT), derived from influenza virus hemagglutinin (29) , or control endogenous peptide A2 (residues 103-117) (VGSDWRFLRGYHQYA), derived from class I MHC HLA-A2 (30) . HLA-DR1 used in preparation of MHC dimers carried a cysteine residue at either the ␣ or ␤ C terminus. To prevent oxidation of the introduced cysteine residues, MHC-peptide complexes containing introduced cysteines were purified in 5 mM dithiothreitol, which was removed immediately prior to cross-linking. The introduced cysteines undergo facile reaction with thiol-specific reagents, allowing specific cross-linking at the ␣-or ␤-subunit termini.
Synthesis of Cross-linking Reagents-Polypeptide-based cross-linkers were synthesized by Fmoc chemistry on a solid-phase peptide synthesizer as previously described (27) and verified by matrix-assisted laser desorption ionization-time of flight mass spectrometry. All crosslinker peptides were capped at their N termini by reaction with fluorescein isothiocyanate. To introduce thiol-reactive maleimide groups, purified peptides (2-5 mg) were reacted through their lysine ⑀-amino groups with N-(⑀-maleimidocaproyloxy)succinimide ester (Pierce), by dissolving 5-fold molar excess in N,N-dimethylformamide and adding it to peptide in 10 mM Na-phosphate buffer (pH 7), 150 mM NaCl. After 1.5 h at room temperature, the modified peptides were purified by reverse phase high performance liquid chromatography using a C18 column (Vydac), and the presence of both maleimide functional groups was confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry.
Dimerization of MHC-Peptide Complexes-For direct disulfide bond formation between the introduced thiols, 0.25 mM CuSO 4 and 1.3 mM 1,10-phenanthroline (Sigma-Aldrich) were added to MHC-peptide complexes in 50 mM HEPES, (pH 8) (31) , for at least 1 h at room temperature. For dimerization through the thiol-reactive maleimide groups on the synthetic peptide-based cross-linkers X3X, X9X, and X14X (Fig. 1A) , the cross-linker was added in small batches to MHC-peptide complexes in 10 mM Na-phosphate (pH 7), 150 mM NaCl, 5 mM EDTA over ϳ5 h at room temperature, to a final cross-linker:MHC ratio of 1:2. Cross-linked MHC-peptide complexes were isolated by gel filtration chromatography on Superdex-200, using two HR 10/30 FPLC columns (Amersham Pharmacia Biotech) linked in series. The integrity of covalent thiol linkages and the presence of bound antigenic peptide were confirmed by SDS-PAGE (12.5%). Maleimide-to-maleimide distances for cross-linkers in extended conformations were estimated using molecular models.
Hydrodynamic studies of MHC-Peptide Dimers-Apparent M r (M r , app ) values for MHC-peptide dimers were determined from elution volumes obtained by gel filtration chromatography, by reference to a calibration curve obtained from the elution volume of known M r standards (Bio-Rad). The Stokes radii (R S ) of the MHC dimers were derived from the M r,app as previously described (32) , except the following equation was used to calculate the hydrated volume (V H ),
where hyd protein is the estimated extent of hydration in the protein (0.35 g of water/g of protein), water is the density of water at 20°C (0.998 g/cm 3 ), N is Avogadro's number, and psv is the partial specific volume of HLA-DR1-Ha (0.738 cm 3 /g) calculated from the amino acid composition. Confidence intervals (Ϯ) reported in Table I reflect the standard deviation from the mean of replicate samples in separate experiments.
T-cell Lines-HA1.7 (33) is a well studied human CD4 ϩ T-cell clone that responds to the Ha peptide bound to HLA-DR1. The HLA-DR1-restricted, Ha peptide-specific polyclonal T-cell line (designated 1H) was raised from the mononuclear cell fraction of peripheral blood from an HLA-DR1 homozygous individual, by repeated in vitro stimulation with Ha peptide. HA1.7 and 1H were maintained in RPMI containing 5% human AB serum (Sigma-Aldrich) and 5% fetal bovine serum (Sigma-Aldrich), with antigenic stimulation every 2 weeks using 120 IU/ml IL-2 (BIOSOURCE) and an irradiated mixture of nonspecific peripheral blood lymphocytes and EBV1.24, a DR1 ϩ B-cell line, pulsed with 1 M Ha peptide. T-cells were rested for a minimum of 7 days after stimulation before use in activation and binding assays.
T-cell Activation Assays-Soluble MHC-peptide complexes were added to 5 ϫ 10 4 T-cells in complete medium in round-bottom polypropylene 96-well plates. After the desired incubation time at 37°C and 7% CO 2 , cells were placed on ice and levels of cell surface markers were determined using the following fluorescent monoclonal antibodies: phycoerythrin (PE)-labeled anti-CD3 (clone UCHT-1, Pharmingen), or allophycocyanin (APC)-labeled anti-CD25 (M-A251, Pharmingen), APCanti-CD69 (FN50, Pharmingen), and APC-anti-CD71 (T56/14, Leinco Technologies). After 1 h at 4°C, cells were washed with phosphatebuffered saline containing 1% fetal bovine serum and 0.1% sodium azide, and analyzed by flow cytometry. Fluorescence data were obtained with a Becton-Dickinson FACS Calibur flow cytometer and analyzed using Cell Quest software. The number of CD3 molecules per cell was determined from the mean PE fluorescence using SPHERO rainbow calibration particles (Spherotech) containing known amounts of PE equivalents. Experiment to experiment variation was observed in the overall time course and extent of activation, which appeared to be dependent on the length of time the T-cells had been in culture, but relative levels of activation induced by the various dimers were the same in different experiments.
Competitive Binding Assays-Competitive binding assays were performed as previously described (15, 27) . Phycoerythrin-labeled, streptavidin-coupled MHC oligomers (SA-PE), prepared by binding biotinylated MHC monomers to streptavidin preparations (34) , were used as a binding probe, with competition by unlabeled or fluorescein-labeled MHC-peptide oligomers. These SA-PE oligomers exhibit a strong fluorescence from the R-phycoerythrin conjugate and bind to T-cells in an antigen-specific manner (34) . Various concentrations of MHC dimers and monomer were incubated with a constant amount of SA-PE oligomer ([MHC]ϭ 4 g/ml) and 5 ϫ 10 4 HA1.7 T-cells in 96-well roundbottomed plates for 3 h at 37°C, 7% CO 2 . Cells were washed and fluorescence arising from bound SA-PE oligomer was measured by flow cytometry as described above.
RESULTS
MHC-Peptide Dimers-To investigate the orientation requirements of T-cell triggering, we prepared soluble dimers of the human class II MHC protein HLA-DR1, with a variety of different intermolecular orientations and conformational constraints. The oligomerization strategy involved specific cross-linking at the sulfhydryl moiety of a cysteine residue introduced either at the C terminus of the ␣-subunit immunoglobulin domain (␣182), the C terminus of the ␤-subunit immunoglobulin domain (␤190), or after the ␤-subunit connecting peptide region (␤191-198), which immediately precedes the native transmembrane domain (Fig. 1B) . Proteins carrying the introduced cysteine residues ( Cys ␣␤, ␣␤ Cys , or ␣␤ L-Cys , respectively) were produced by in vitro folding in the presence of antigenic (Ha) or endogenous (A2) peptides, using previously described protocols (27, 28) . MHCpeptide complexes were dimerized either by using a direct disulfide bond between the introduced cysteine thiols (31), or using a sulfhydryl-reactive synthetic cross-linking reagent of varying length (Fig. 1A) . The synthetic cross-linkers X3X, X9X, and X14X are based on a flexible peptide scaffold containing glycine, serine, and glutamic acid residues, and each carry an N-terminal fluorophore and two maleimidylcaproyl (X) groups, attached as amides to lysine residues. MHC-peptide dimers coupled by direct disul-fide bonds (S-S) or by the synthetic cross-linkers, through either the ␣-or ␤-subunit, each had the desired covalent linkage (Fig.  1C, right panel) . Each of the dimers retained the ability to tightly bind peptide antigen, as demonstrated by resistance to SDSinduced chain dissociation (35) (Fig. 1C, left panel) , and exhibited the expected apparent molecular weight with no tendency to aggregate, as determined by gel filtration chromatography (see below).
Effects of Receptor Orientation on CD4
ϩ T-cell TriggeringThe orientation dependence for T-cell activation was investigated by comparing the dose-response curves of MHC dimers linked through the ␣-or ␤-subunit. MHC dimers were tested for their ability to trigger T-cell activation processes in HA1.7, a well characterized human T-cell clone (33) specific for an antigenic peptide derived from influenza virus hemagglutinin (Ha) as presented by the class II MHC protein HLA-DR1 (29) . T-cells down-regulate engaged TCR (CD3), as part of the activation process (36, 37) . The down-modulation of TCR in response to the soluble MHC dimers was measured by flow cytometry using a PE-labeled antibody against the TCR CD3⑀ subunit. Disulfide-linked dimers of MHC proteins, complexed with Ha peptide and cross-linked through either the ␣-or ␤-subunit ( Cys ␣␤ S-S and ␣␤ Cys S-S), induced TCR down-regulation in a dose-dependent manner ( Fig. 2A, open and (15, 27) , neither MHCpeptide monomers ( Fig. 2A, ϫ) , nor oligomers carrying the non-antigenic, endogenous peptide A2 (data not shown), induced significant T-cell triggering in the concentration range tested. Down-regulation of CD3 induced by the MHC dimers was observed as early as 2 h and continued to increase over time, with similar time courses for complementary dimers linked through the ␣-or ␤-subunits (Fig. 2B) . Collectively, these data demonstrate that receptor orientation is not crucial for signaling, as in each case dimers linked through the ␣-or ␤-subunit induced T-cell activation to an equivalent extent.
Similar responses were observed for other measures of T-cell activation processes, including up-regulation of the early T-cell activation marker CD69 (38) (Fig. 3A) , up-regulation of the low-affinity IL-2 receptor ␣-subunit (CD25) (39) (Fig. 3B) , and up-regulation of transferrin receptor (CD71) (40) (Fig. 3C) . In these assays, dimers with a range of cross-linker lengths were used. For each T-cell activation marker studied, MHC dimers coupled through the ␣-or ␤-subunit with direct disulfide bonds (S-S) induced the most potent response. As the dimer crosslinker length was increased, an incremental decrease in the extent of T-cell activation was observed. Dimers coupled through MHC-peptide complexes carrying the additional flexible connecting peptide regions on the ␤-subunit (LX14X) exhibited the least potent activation. These data indicate a systematic activation dependence on linker length, with only a slight dependence on inter-molecular orientation.
Effects of Orientation and Proximity on the Activation of a Polyclonal T-cell Line-To address whether the observed acti- vation responses were due to idiosyncratic aspects of the longterm T-cell clone HA1.7, we repeated the activation experiments using a polyclonal T-cell line raised from the peripheral blood of a DR1 ϩ individual (designated 1H). The 1H polyclonal T-cell line exhibited CD3 down-regulation in response to MHC dimers, with dose-response curves for disulfide-linked and X14X-linked MHC dimers (Fig. 4A ) that were similar to those observed for the HA1.7 T-cell clone. Activation of CD3 downregulation (Fig. 4B ) and CD69 up-regulation (Fig. 4C) in the 1H polyclonal line were relatively independent of intermolecular orientation, but were dependent on cross-linker length, with the shortest cross-links (S-S) exhibiting the most potent signal, as observed for the HA1.7 clone.
Correlation of Hydrodynamic Radii and T-cell Activation-
The observed dependence of T-cell triggering on cross-linker length was investigated in more detail. To evaluate the actual intermolecular spacing in the intact oligomers, an apparent hydrodynamic radius was characterized for each of the various dimers by gel filtration chromatography (Fig. 5A) . For the Cys ␣␤ dimer series, a systematic dependence of apparent hydrodynamic radius (R S ) on cross-linker length was observed (Table I) , with dimers coupled through short disulfide crosslinks (S-S) exhibiting the most compact conformation. Similar hydrodynamic behavior was observed for the ␣␤ Cys dimer series (Table I) . Dimers linked through the ␤-subunit exhibited slightly but systematically larger apparent hydrodynamic radii than the corresponding dimers linked through the ␣-subunit. Plots of the apparent hydrodynamic radius versus the T-cell response induced by the MHC dimers exhibited a striking linear dependence. This dependence was observed in the HA1.7 T-cell clone for CD3 down-regulation (Fig. 5B) , CD69 up-regulation (Fig. 5C) , and CD25 up-regulation (Fig. 5D) , and was also evident in the 1H polyclonal line (not shown). Thus, T-cell activation is more efficiently triggered by more compact dimers, for each of the responses studied.
MHC Dimer Binding to T-cells-
The observed dependence of T-cell triggering on linker length could possibly be due to decreased binding for the dimers coupled through longer crosslinks. To address this possibility the relative binding of the MHC dimers was measured, using a competitive binding assay in which unlabeled dimers compete for the T-cell surface with streptavidin-linked, phycoerythrin-labeled (SA-PE) MHC oli- gomers (34) . MHC dimers linked through the ␣-subunit with the X3X, X9X, and X14X cross-linkers each exhibited essentially identical competition curves (Fig. 6A) , with half-maximal inhibitions of ϳ0.3 M. Dimers linked though the ␣-subunit with a direct disulfide bond (S-S) exhibited slightly weaker binding, with a half-maximal inhibition of ϳ0.8 M (Fig. 6A,  filled circles) . MHC dimers linked through the ␤-subunit with the X3X, X9X, and X14X cross-linkers or direct disulfide bonds (S-S) bound similarly (IC 50 ϳ0.3 M) (Fig. 6B) . Overall, the MHC dimers competed for binding more efficiently than monomeric MHC-peptide complexes, which exhibited an IC 50 of ϳ2.5 M (Fig. 6A, ϫ) , as previously observed (15, 27) . Since the competition curves for all of the MHC dimers are similar, the decreased activation exhibited by MHC dimers coupled through longer cross-linkers cannot be attributed to a reduction in binding, and must be due to a decreased ability to trigger T-cells once engaged to the receptor. DISCUSSION 
T-cell Triggering Is Not Dependent on Receptor Orientation-We have shown previously that CD4
ϩ T-cells can be activated with defined chemically coupled oligomers of MHCpeptide complexes (15, 27) , extending earlier studies using other types of soluble MHC oligomers (14, (41) (42) (43) (44) or TCR cross-linking agents (6, 7, 20 -22, 45) . It was determined that an MHC dimer was the minimal oligomer valency sufficient to trigger several characteristic T-cell activation processes (14, 15) . In this report, we evaluated the constraints on inter-molecular orientation and spacing within an activating MHC dimer. We hypothesized that if T-cells were triggered by a mechanism that relied on formation of a particular arrangement (or rearrangement) of TCR in the membrane, then activation would be sensitive to the MHC spacing and orientation within an activating dimer. However, if T-cells were triggered by a generalized co-localization mechanism, activation would be less dependent on the receptor orientation. This approach follows one used previously to evaluate similar questions in the erythropoietin receptor, in which a strong dependence on re- Table I . B, C, and D, correlation of apparent hydrodynamic radii (R S ) with CD3 down-regulation (B), CD69 up-regulation (C), and CD25 up-regulation (D) for the HA1.7 T-cell clone. The linear relationship observed for each activation marker demonstrates a dependence of T-cell triggering on dimer compactness. The correlation coefficient (R 2 ) is shown in each panel. Activation data for CD69 and CD25 were taken from Fig. 3 . Data for CD3 were obtained under similar conditions. ceptor orientation was observed (46, 47) . In the MHC/TCR system, we did not observe a strong dependence on receptor orientation for initiation of T-cell signaling. For each of several different cross-linkers, conformationally constrained MHC dimers coupled through either the ␣-or the ␤-subunit induced relatively similar levels of T-cell activation, indicating that MHC orientation within the dimers was not critical for activation. Similar results were observed for a polyclonal culture of primary T-cells in addition to a long-term T-cell clone, and for several markers of T-cell activation.
Since the first structural studies of class II MHC proteins, there has been much speculation about the potential physiological relevance of a class II MHC dimer observed in several crystal structures (1, 48 -51) . In that dimer, the MHC molecules are arranged in a roughly parallel manner with juxtaposed peptide-binding sites, and with ␣-subunit C termini that are substantially closer then the ␤-subunit termini (13 versus 39 Å). This crystallographic orientation could be adopted by any of the Cys ␣␤-linked dimers, and possibly by the ␣␤ Cys dimers coupled through longer cross-links, but not by the disulfide-linked dimer ␣␤ Cys S-S. We observed that the ␣␤ Cys S-S dimer was able to induce T-cell activation, and in fact it was among the most potent dimers tested herein. Thus, formation of the crystallographic MHC dimer is not required for efficient T-cell triggering. Similarly, any T-cell triggering mechanism that requires a particular receptor orientation can be excluded, as the Cys ␣␤ S-S and ␣␤ Cys S-S dimers cannot both adopt the same configuration without substantial unfolding, yet both trigger T-cell activation with similar efficiency. These considerations suggest that T-cell activation by MHC oligomers proceeds through a mechanism of generalized receptor co-localization, and not through formation of a particular activating receptor configuration.
T-cell Triggering Correlates with Receptor Proximity-T-cell triggering was dependent on the MHC cross-linker length, with the most potent stimulus provided by MHC dimers linked through a short disulfide bond. The degree of activation decreased monotonically as the length of the linker was increased (Figs. 3 and 4) , although the binding remained constant (Fig.  6 ). These results indicate that inter-receptor proximity is important in triggering T-cell activation processes. Cross-linking strategies that constrained the MHC molecules to be closest together in the most compact dimers were the most effective in activating T-cells, while MHC molecules coupled through longer cross-linkers were less effective. This implies that for induction of T-cell activation by soluble MHC oligomers, TCR complexes need to be brought closely together.
The earliest biochemical marker of T-cell activation is phosphorylation of TCR cytoplasmic domains by membrane-associated Src family tyrosine kinases (5). It is possible that clustering of receptor subunits by MHC oligomers could trigger such phosphorylation events simply through a mass action mechanism. In this scheme, TCR clustering would serve to increase the local concentrations of receptor cytoplasmic domains and tyrosine kinases, tipping the balance of kinases and phosphatases toward phosphorylation of receptor-associated signaling proteins. For example, a fraction of the total cellular tyrosine kinase Lck is found associated with the cytoplasmic tail of CD4, a co-receptor for class II molecules (52) , and TCR clustering could facilitate receptor phosphorylation by CD4-associated Lck. However, some T-cells can be activated in the absence of CD4 (44) , indicating a role for CD4-independent signaling processes. We have proposed another possible mechanism based on mass action (53) , in which an increase in the local TCR concentration induces a conformational change in the TCR -subunit cytoplasmic domain that allows phosphorylation by local tyrosine kinases. In another possible mechanism, TCR clustering could lead to phosphorylation through changes in the local receptor environment. Relative to the bulk membrane around a resting TCR, the membrane regions around clustered TCR might be enriched or depleted in particular lipids (54) and/or proteins (55) involved in the signaling mechanism, leading to initiation of signaling processes around clustered TCR. We have observed that multivalent engagement of TCR by MHC oligomers is accompanied by cytoskeletal rearrangements and is inhibited by disruption of lipid rafts (34), suggesting that receptors can experience substantial alterations in their membrane environment after clustering. Although these and other potential triggering mechanisms remain to be definitively evaluated in the MHC/TCR system, the results presented herein establish that any plausible model would have to account for a lack of dependence on receptor orientation, but a substantial dependence on receptor proximity.
T-cell Activation by Antigen-presenting Cells-Our results suggest that on a cellular level, the inter-receptor distances required for T-cell activation by soluble MHC oligomers are very small. It is not likely that specific MHC-peptide complexes would be found in such proximity on the surface of an antigenpresenting cell, where MHC proteins are bound to a wide spectrum of specific and nonspecific peptides and distributed across the cell membrane. If T-cell activation induced by antigen presenting cells proceeds similarly to oligomer-induced activation, an active process may be required to cluster the infrequent specific MHC-peptide complexes on the cell surface to a density sufficient for TCR oligomerization (26, 56) . Some evidence has been presented in support of the existence of MHC oligomers on the surface of antigen presenting cells prior to encounter with a T-cell (51, (57) (58) (59) (60) . More recently, activated B cells have been shown to cluster MHC-peptide complexes into lipid rafts (61) , and dendritic cells have been shown to transport MHC-rich vesicles from endocytic compartments to the cell surface, forming semi-stable patches rich in MHC-peptide complexes (62) . In addition, processes involving the T-cell could be responsible for this active clustering of cell-surface components. Antigen-independent interactions of molecules from both the antigen presenting cell and T-cell contribute to efficient T-cell activation, in a process known as costimulation (reviewed in Ref. 63) . MHC/TCR binding with simultaneous ligation of costimulatory molecules has been shown to stimulate an active, cytoskeletal rearrangement of the cell surface molecules involved in T-cell signaling, and appears to drive receptor accumulation at the T-cell antigen-presenting cell interface (64) . Costimulation-dependent events that lead to TCR localization at the cell-cell interface might play an important role in lowering the TCR density required for cellular activation (65) . Indeed, saturating T-cell responses to MHC-peptide complexes incorporated into planar bilayers in the absence of costimulation have been observed when the average inter-receptor distance is ϳ200 Å or less (66) , similar to the MHC-to-MHC distances for the cross-links used in this study. By contrast, in the presence of costimulation the required density of MHC peptide complexes incorporated into supported bilayers has been reported to be ϳ60 molecules per m 2 , corresponding to an average distance of ϳ1800 Å between T-cell receptors (26) . It remains to be definitively established whether cytoskeletal reorganizations induced by costimulation serve only to localize TCR to a density required for efficient T-cell activation, or whether they contribute to other events in the overall T-cell activation process.
Conclusion-In summary, we have demonstrated that T-cell activation by soluble MHC oligomers is not sensitive to interreceptor orientation, but does depend on receptor proximity.
These results suggest that the triggering mechanism involves a ligand-induced oligomerization of TCR, and not a molecular rearrangement of a TCR receptor oligomer. Furthermore, these results are consistent with a transmembrane signaling mechanism that relies on co-localization of receptor cytoplasmic domains, and not on formation of a particular TCR dimer in an activating conformation.
